Chromosomal rearrangement of the Nuclear protein in testis (*NUTM1*, aka *NUT*) gene defines a rare subtype of squamous cell carcinoma termed NUT carcinoma (NC, also known as NUT midline carcinoma \[NMC\]) ([@pkz094-B1],[@pkz094-B2]). NC is important to recognize because it is clinically distinct from other carcinomas. With a median overall survival (OS) of 6.7 months, it is possibly the most aggressive solid tumor with the worst prognosis in humans ([@pkz094-B3]). In NC, *NUTM1* is most often fused to Bromodomain-containing protein 4 (*BRD4*) forming a *BRD4-NUTM1* fusion oncogene but can also be fused to a variety of other partner genes, including Bromodomain-containing protein 3 (*BRD3*), Nuclear Receptor Binding SET Domain Protein 3 (*NSD3*), Zinc Finger Protein 532 (*ZNF532*), Zinc Finger Protein 592 (*ZNF592*), Capicua transcriptional repressor (*CIC*), and other yet unidentified genes ([@pkz094-B1],[@pkz094-B3]). The aggressiveness of NC is attributable to the NUT fusion oncoproteins that drive its growth by upregulation of MYC ([@pkz094-B6],[@pkz094-B10],[@pkz094-B11]). In this report, we refer to the gene as *NUTM1* and the encoded protein as NUT. Patients are of all ages but most commonly are in their early twenties ([@pkz094-B12]).

Although NC is aggressive, we have noted that outcomes and response to therapy can be quite variable ([@pkz094-B3],[@pkz094-B12]). Despite the heterogenous outcomes in NC, its underdiagnosis and rarity have thus far precluded the ability to identify favorable vs unfavorable groups. Having accumulated the largest existing cohort of NC patients with molecular and clinical data through the NMC Registry ([www.NMCRegistry.org](http://www.NMCRegistry.org)), we sought to develop a risk classification system for NC incorporating genetic and clinico-pathologic features in this study.

Materials and Methods
=====================

Patients
--------

From January 1993 to July 2017, we identified a total of 141 NC patients from 17 countries registered in the NMC Registry (see [Supplementary Methods](#sup1){ref-type="supplementary-material"} and [Supplementary Table 1](#sup1){ref-type="supplementary-material"}, available online). Patients analyzed include those diagnosed before 2010 who were enrolled into the registry retrospectively (n = 63) and those enrolled prospectively from 2010 to July 2017 (n = 78). Ninety-two patients (65%) had previously been analyzed and reported by our group ([@pkz094-B3],[@pkz094-B12]); however, this study provides additional clinical follow-up and *NUTM1* fusion partner identification for the majority (73%) of these and includes 49 additional NMC patients not previously reported. The diagnosis of NC was defined by rearrangement of *NUTM1* detected by one or more of the following methods: NUT immunohistochemistry (IHC) demonstrating more than 50% tumor nuclear staining ([@pkz094-B15]), or *NUTM1* rearrangement by cytogenetics, fluorescent in situ hybridization (FISH), or next-generation sequencing (NGS)-based ArcherDx FusionPlex. The histology and NUT IHC for all cases was reviewed by one of our authors (C. A. French). Histology was categorized into three groups: 1) carcinoma without squamous differentiation, 2) carcinoma with squamous differentiation, or 3) other histopathology.

Patient clinical, demographic, treatment, and outcomes data were collected through questionnaires provided by treating physicians and chart review. Outcome data were obtained for 141 patients. Further details are in the [Supplementary Material](#sup1){ref-type="supplementary-material"} (available online).

NUT IHC
-------

IHC for NUT using primary rabbit monoclonal anti-NUT (clone C52B1, 1:50) is described in [Supplementary Methods](#sup1){ref-type="supplementary-material"} (available online).

*NUTM1* Fusion Partner Gene Identification
------------------------------------------

*NUTM1* fusion type was determined by cytogenetics \[as described ([@pkz094-B18])\] using t(15; 19)(q14; p13.1) as evidence of *BRD4-NUTM1* fusion; FISH (see [Supplementary Methods](#sup1){ref-type="supplementary-material"}, available online), which tests for genomic fusions to *NUTM1* of candidate partner genes, *BRD4*, *BRD3*, *NSD3*, or *ZNF532*; or ArcherDx FusionPlex, a rapid amplification of cDNA ends-based NGS approach to identify any fusion partner to *NUTM1* (see [Supplementary Methods](#sup1){ref-type="supplementary-material"}, available online).

Next-Generation (OncoPanel) Targeted Sequencing
-----------------------------------------------

OncoPanel is the in-house (Brigham and Women's Hospital) targeted genomic NGS platform used to detect cancer-associated mutations and genomic rearrangements. Details of OncoPanel molecular profiling of formaldehyde fixed, paraffin-embedded (FFPE) sections are described in [Supplementary Methods](#sup1){ref-type="supplementary-material"} (available online). Exons of 447 cancer-associated genes were interrogated for mutations and copy number variations, and 191 introns across 60 genes were examined for structural rearrangements.

Statistical Methods
-------------------

Descriptive statistics were used to summarize patient demographic and clinical characteristics. OS was calculated from initial cancer diagnosis to death or to last follow-up if censored. Event-free survival (EFS) was calculated from initial cancer diagnosis to progression or death or to last follow-up if censored. Univariate Cox proportional-hazards regression was used to test the association of prognostic factors with OS and EFS in the full cohort. The proportional hazards assumption for univariate models were examined using log-log plots. Fisher exact test was used to compare patient clinical characteristics by primary tumor site.

We performed survival tree regression to create the risk classification model ([@pkz094-B19]) as previously used in classifying patients with neuroblastoma ([@pkz094-B20]). Survival tree regression can be more flexible than multivariable modeling because each branch of the tree can have a different number of subbranches with different risk factors. We considered the following risk factors for inclusion in the tree: age at diagnosis, sex, primary tumor site, tumor size, histopathologic type of tumor, translocation, lymph node or organ metastasis, and bone or soft tissue primary tumor. Starting with the full patient cohort, Cox proportional-hazards regression was performed for each potential risk factor. Patients were dichotomized into two subgroups using the risk factor with the lowest statistically significant (*P* \< .05) *P* value. We repeated this process recursively within each subgroup until no further statistically significant factors were found or when a subgroup had fewer than 20 patients. We performed post hoc multivariable Cox proportional-hazards regression using the full cohort to examine potential confounders of selected risk factors in the risk classification model. Further details are in [Supplemental Methods](#sup1){ref-type="supplementary-material"} (available online). We conducted simulation studies to determine the minimum sample size of a prospective cohort of NC patients needed to validate the risk classification model. Further details are in [Supplemental Methods](#sup1){ref-type="supplementary-material"} (available online).

All analyses were performed in SAS version 9.4 (SAS Institute, Cary, NC). Two-sided *P* values less than or equal to .05 were considered statistically significant. All tests were two-sided.

Results
=======

Patient Demographics and Tumor Characteristics
----------------------------------------------

For 141 patients ([Table 1](#pkz094-T1){ref-type="table"}), the median age at diagnosis was 23.6 years (range = 18 days--80 years) and 48% were male. Fifty-one percent (71 of 140) of tumors arose from the thorax, 41% (58 of 140) from head and neck, 6% (9 of 140) from bone and soft tissue, and 1% (2 of 140) from the kidney. As expected, the majority (99 of 127, 78%) of tumors harbored a *BRD4-NUTM1* fusion, whereas the second and third most prevalent fusion types were *BRD3-NUTM1* (19 of 127, 15%) and *NSD3-NUTM1* (7 of 127, 6%), respectively. Other fusions identified included *ZNF532-NUTM1* ([@pkz094-B6]) and *ZNF592-NUTM1* ([@pkz094-B9]). For 14 cases, the fusion partner gene to *NUTM1* was not identified because either it was not tested (n = 5) or it was tested by FISH but negative for the candidate genes tested (n = 9).

###### 

Patient demographic, clinical, and tumor characteristics (N = 141)

  Patient characteristic                                            No. (%) or median (range)
  ---------------------------------------------------------------- ----------------------------
  Age at initial cancer diagnosis, y                                23.6 (18 d--80 y), n = 124
   \<18                                                                   47 of 124 (38)
   ≥18                                                                    77 of 124 (62)
   Unknown                                                                      17
  Sex                                                              
   Male                                                                   67 of 141 (48)
   Female                                                                 74 of 141 (52)
  Primary tumor site                                               
   Thoracic                                                               71 of 140 (51)
   Head and neck                                                          58 of 140 (41)
   Bone and soft tissue[\*](#tblfn1){ref-type="table-fn"}                  9 of 140 (6)
   Other site (kidney)                                                     2 of 140 (1)
   Unknown                                                                      1
  Gene fusion                                                      
   *BRD4-NUTM1*                                                           99 of 127 (78)
   *BRD3-NUTM1*                                                           19 of 127 (15)
   *NSD3-NUTM1*                                                            7 of 127 (6)
   *ZNF532-NUTM1*                                                          1 of 127 (1)
   *ZNF592-NUTM1*                                                          1 of 127 (1)
   Unknown NUTM1 (fusion partner was tested, but not identified)                9
   Not tested                                                                   5
  Histological type                                                
   Carcinoma with squamous differentiation                                46 of 138 (33)
   Carcinoma without squamous differentiation                             75 of 138 (54)
   Other histology                                                        17 of 138 (12)
   Unknown                                                                      3
  Tumor diameter at diagnosis, cm                                    5.6 (0.4--16.2), n = 86
  Tumor diameter at diagnosis                                      
   \<6 cm                                                                 46 of 86 (53)
   ≥6 cm                                                                  40 of 86 (47)
   Unknown                                                                      55
  Lymph node and/or organ metastasis at presentation               
   Yes                                                                    71 of 113 (63)
   No                                                                     42 of 113 (37)
   Unknown                                                                      28
  Initial treatment sequence                                       
   Chemotherapy ± subsequent treatment                                    41 of 112 (37)
   Radiation ± concurrent chemotherapy ± subsequent treatment             31 of 112 (28)
   Surgery ± subsequent treatment                                         40 of 112 (36)
   No treatment or unknown                                                      29
  Initial response                                                 
   Complete or partial response                                           55 of 112 (49)
   Stable or progressive disease                                          57 of 112 (51)
   Unknown                                                                      29
  Did patient ever receive radiation                               
   Yes                                                                    85 of 117 (73)
   No                                                                     32 of 117 (27)
   Unknown                                                                      24
  Did patient ever receive chemotherapy                            
   Yes                                                                   105 of 117 (90)
   No                                                                     12 of 117 (10)
   Unknown                                                                      24
  Did patient ever receive surgery                                 
   Yes                                                                    60 of 118 (51)
   No                                                                     58 of 118 (49)
   Unknown                                                                      23
  For N = 60 patients who ever received surgery                    
  Any microscopic margins involved (in any surgery)                
   Yes                                                                    22 of 31 (71)
   No                                                                      9 of 31 (29)
   Unknown                                                                      29
  Any gross residual disease postoperatively (in any surgery)      
   Yes                                                                    31 of 47 (66)
   No                                                                     16 of 47 (34)
   Unknown                                                                      13

Bone and soft tissue primary tumors include chest wall soft tissue, soft tissue mass, right hip bone, left scapula or shoulder, right chest soft tissue, soft tissue, occipital scalp soft tissue, iliac bone, and temporal region soft tissue mass.

The most common histology was carcinoma without squamous differentiation (75 of 138 cases, 54%); however, morphologic squamous differentiation, as evidenced by focal squamous "pearls" or stratification or enlargement of tumor cells, was seen in 33% (46 of 138) of cases. Tumors lacking evidence of epithelial differentiation or where histologic classification was not specified composed the remaining (17 of 138, 12%) cases. The median tumor size (diameter) at diagnosis was 5.6 cm (range = 0.4--16.2 cm, n* = *86), and the majority of patients presented with lymph node and/or organ metastases (71 of 113, 63%).

Outcomes
--------

Outcomes in NC patients were overall poor and consistent with previous data ([@pkz094-B3],[@pkz094-B12]) ([Figure 1](#pkz094-F1){ref-type="fig"}). Median follow-up was 2.9 years (1 day--19.1 years) among 27 patients alive at last contact. Median OS and EFS were 6.5 months (95% confidence interval \[CI\] = 5.8 to 9.1 months) and 4.6 months (95% CI = 3.8 to 6.2 months), respectively. Two-year OS and EFS were only 22% (95% CI = 15% to 30%) and 15% (95% CI = 9% to 22%), respectively. Nevertheless, there were 16 long-term survivors, defined as living at least 3 years. Of these, only 12 patients had sufficient data to analyze for the risk stratification model (see below).

![Kaplan-Meier curves for overall survival (N = 132) and event-free survival (N = 129).](pkz094f1){#pkz094-F1}

Response to initial treatment was also generally poor with only 49% (55 of 112) of patients with complete or partial response to initial therapy. The majority of patients received multimodality therapy (90 of 117, 78%).

Prognostic Risk Factors for Survival Outcomes
---------------------------------------------

Univariate Cox regression analysis of prognostic factors revealed the novel finding that translocation type correlates statistically significantly with prognosis ([Table 2](#pkz094-T2){ref-type="table"}). Of 117 patients, the presence of *BRD4-NUTM1* fusions conferred a poorer OS than those with *BRD3-NUTM1* or *NSD3-NUTM1* (hazard ratio \[HR\] = 1.8, 95% CI = 1.1 to 3.1, *P = *.024). Consistent with previous observations ([@pkz094-B3],[@pkz094-B12]), thoracic primary tumor site vs "nonthoracic" sites (head and neck, bone, soft tissue, and other sites; *P* \< .0001), initial presentation with lymph node or organ metastases (*P = *.01), and lack of initial complete response or partial response (*P* \< .001) to treatment was statistically significantly associated with worse OS and EFS ([Table 2](#pkz094-T2){ref-type="table"}). Larger tumor size of 6 cm or greater was associated with statistically significantly worse EFS (*P* = .029). The observation that treatment with surgery or radiation (at any time point) is associated with improved OS (*P* \< .0001) and EFS (*P* \< .004) was confirmed in this study.

###### 

Univariate Cox proportional-hazards regression of prognostic factors for OS and EFS[\*](#tblfn2){ref-type="table-fn"}

                                                                                                                                                                                                  OS    EFS                                                     
  ------------------------------------------------------------- --------------------------------------------------------------------- ----------------------------------------------------------- ----- -------------------- --------- ----- ------------------ ---------
  Age at diagnosis, y                                           ≥18                                                                   \<18                                                        121   1.5 (1 to 2.3)       .06       118   1.3 (0.9 to 2)     .2
  Sex                                                           Female                                                                Male                                                        132   1 (0.7 to 1.4)       .8        129   1 (0.7 to 1.5)     .8
  Primary tumor site                                            Thoracic                                                              Nonthoracic (head and neck, bone, soft tissue, and other)   131   3.4 (2.2 to 5.1)     \<.0001   128   3.2 (2.2 to 4.9)   \<.0001
  Tumor size, cm                                                ≥6                                                                    \<6                                                         83    1.5 (0.9 to 2.4)     .1        81    1.7 (1.1 to 2.7)   .029
  Histopathologic type of tumor                                 Carcinoma without squamous differentiation and other histopathology   Carcinoma with squamous differentiation                     129   1.2 (0.8 to 1.8)     .4        126   1.2 (0.8 to 1.8)   .4
  Gene fusion                                                   BRD4-NUTM1                                                            BRD3-NUTM1 or NSD3-NUTM1                                    117   1.8 (1.1 to 3.1)     .024      114   1.7 (1 to 2.9)     .048
  Lymph node or organ metastasis at baseline                    Yes                                                                   No                                                          112   2.2 (1.2 to 4.1)     .01       110   2.1 (1.2 to 3.8)   .01
  Did patient ever have surgery                                 Yes                                                                   No                                                          117   0.3 (0.2 to 0.5)     \<.0001   115   0.4 (0.2 to 0.6)   \<.0001
  Did patient ever receive radiation                            Yes                                                                   No                                                          117   0.4 (0.3 to 0.6)     \<.0001   115   0.5 (0.3 to 0.8)   .004
  Did patient ever receive chemotherapy                         Yes                                                                   No                                                          117   1.1 (0.5 to 2.2)     .8        115   1.4 (0.7 to 2.9)   .4
  Microscopic margins involved (in any surgery)                 Yes                                                                   No                                                          31    10.1 (1.3 to 77.3)   .03       31    15 (2 to 113.8)    .009
  Any gross residual disease postoperatively (in any surgery)   Yes                                                                   No                                                          47    3.8 (1.4 to 10)      .007      47    3.2 (1.4 to 7.5)   .006
  Initial best response                                         Complete or partial response                                          Stable or progressive disease                               112   0.5 (0.3 to 0.8)     .001      110   0.5 (0.3 to 0.7)   .0002
  Bone and soft tissue primary tumor                            Yes                                                                   No                                                          131   0.5 (0.2 to 1.1)     .07       128   0.7 (0.3 to 1.6)   .4

CI = confidence interval; EFS = event-free survival; HR = hazard ratio; OS = overall survival; tumor size = largest diameter. BRD = Bromodomain-containing Protein; NUT = Nuclear Protein in Testis; NUTM1 = NUT Midline Carcinoma Family Member 1; NSD = Nuclear Receptor Binding SET Domain Protein.

A recent description of *NUTM1*-rearranged tumors of soft tissue ([@pkz094-B8]) prompted us to examine outcomes in our subset of NC cases arising from soft tissue or bone origin compared with those of typical NC. Interestingly, we found that NCs arising from soft tissue and bone trend toward better OS (HR = 0.5, 95% CI = 0.2 to 1.1, *P = *.07).

A Proposed Risk Classification Tree for OS
------------------------------------------

Using outcomes and *NUTM1* fusion identities from this largest cohort of NC patients with available data, we sought to identify clinically and molecularly distinct subsets of NC patients with statistically significantly different prognosis based on OS using survival tree regression (see [Supplementary Methods](#sup1){ref-type="supplementary-material"} and [Supplementary Table 2](#sup1){ref-type="supplementary-material"}, available online).

Our analysis ([Figure 2, A and B](#pkz094-F2){ref-type="fig"}) identified the following three statistically distinct risk groups in 124 patients with available NUT fusion, primary site, and OS data in descending order of OS: group A is nonthoracic, BRD3-NUT, or NSD3-NUT (n = 12, median OS = 36.5 months, 95% CI = 12.5 months to NR); group B is nonthoracic, BRD4-NUT (n = 45, median OS = 10 months, 95% CI = 7 to 14.6 months); and group C is thoracic, regardless of NUT fusion (n = 67, median OS = 4.4 months, 95% CI = 3.5 to 5.6 months). Of note, dichotomizing patients using the strongest effect size (HR) rather than statistical significance (*P* value) produces the same risk classification model. Notably, for the 124 total patients in the risk model, there were five of 12 (42%) long-term survivors (≥3 years) in group A, seven of 45 (16%) in group B, but none in group C ([Table 3](#pkz094-T3){ref-type="table"}). Thoracic NC patients (group C) had the poorest OS regardless of the NUT fusion. Group C was remarkable for having 98% disease specific mortality (n* = *50 of 51 with available cause of death and OS = 5%, 95% CI = 1% to 14%) at 2 years. In comparison, 2-year OS was 64% (95% CI = 30% to 85%) in group A and 28% (95% CI = 15% to 42%) in group B ([Table 3](#pkz094-T3){ref-type="table"}).

![Proposed risk classification tree for overall survival (OS). **A**) Prognostic risk classification model for NUT carcinoma OS outcomes (N* *=* *124). Nonthoracic primary tumors include head and neck, bone, soft tissue, and other sites. **B**) OS for three statistically distinct risk groups truncated at 5 years (N* *=* *124). Inset: OS by risk group across full length of follow-up.](pkz094f2){#pkz094-F2}

###### 

Patient demographic and clinical characteristics by risk group (N = 124)

  Patient characteristic                                                                     Group A Nonthoracic primary[\*](#tblfn3){ref-type="table-fn"} and BRD3- or NSD3-NUT   Group B Nonthoracic primary[\*](#tblfn3){ref-type="table-fn"} and BRD4-NUT   Group C Thoracic primary
  ----------------------------------------------------------------------------------------- ------------------------------------------------------------------------------------- ---------------------------------------------------------------------------- --------------------------
  Median OS (95% CI), mo                                                                                                      36.5 (12.5 to NR)                                                                  10 (7 to 14.6)                                     4.4 (3.5 to 5.6)
  2-y OS (95% CI), %                                                                                                            64 (30 to 85)                                                                    28 (15 to 42)                                        5 (1 to 14)
  Long-term survivors (≥3 y), no. (%)                                                                                           5 of 12 (42)                                                                      7 of 45 (16)                                        0 of 67 (0)
  Median age at initial cancer diagnosis (range), y                                                                           27.0 (13.4--54.6)                                                                 21.9 (0.1--71.4)                                    23.7 (5.8--68.3)
   No.                                                                                                                               12                                                                                42                                                  59
  Age at initial cancer diagnosis, no. (%), y                                                                                                                                                                                                                  
   \<18                                                                                                                         5 of 12 (42)                                                                     19 of 42 (45)                                       19 of 59 (32)
   ≥18                                                                                                                          7 of 12 (58)                                                                     23 of 42 (55)                                       40 of 59 (68)
   Unknown                                                                                                                            0                                                                                3                                                   8
  Sex, no. (%)                                                                                                                                                                                                                                                 
   Male                                                                                                                         8 of 12 (67)                                                                     19 of 45 (42)                                       36 of 67 (54)
   Female                                                                                                                       4 of 12 (33)                                                                     26 of 45 (58)                                       31 of 67 (46)
  Primary tumor site, no. (%)                                                                                                                                                                                                                                  
   Thoracic                                                                                                                      0 of 12 (0)                                                                      0 of 45 (0)                                        67 of 67 (100)
   Head and neck                                                                                                                9 of 12 (75)                                                                     40 of 45 (89)                                        0 of 67 (0)
   Bone and soft tissue[\*](#tblfn3){ref-type="table-fn"}                                                                       3 of 12 (25)                                                                      3 of 45 (7)                                         0 of 67 (0)
   Other site (kidney)                                                                                                           0 of 12 (0)                                                                      2 of 45 (4)                                         0 of 67 (0)
  Histological type, no. (%)                                                                                                                                                                                                                                   
   Carcinoma with squamous differentiation                                                                                      5 of 12 (42)                                                                     16 of 43 (37)                                       21 of 67 (31)
   Carcinoma without squamous differentiation                                                                                   7 of 12 (58)                                                                     24 of 43 (56)                                       36 of 67 (54)
   Other histology                                                                                                               0 of 12 (0)                                                                      3 of 43 (7)                                        10 of 67 (15)
   Unknown                                                                                                                            0                                                                                2                                                   0
  Tumor diameter at diagnosis, no. (%), cm                                                                                                                                                                                                                     
   \<6                                                                                                                           5 of 7 (71)                                                                     18 of 27 (67)                                       18 of 45 (40)
   ≥6                                                                                                                            2 of 7 (29)                                                                      9 of 27 (33)                                       27 of 45 (60)
   Unknown                                                                                                                            5                                                                                18                                                  22
  Lymph node or organ metastasis at the baseline, no. (%)                                                                                                                                                                                                      
   Yes                                                                                                                           4 of 8 (50)                                                                     27 of 36 (75)                                       58 of 62 (94)
   No                                                                                                                            4 of 8 (50)                                                                      9 of 36 (25)                                        4 of 62 (6)
   Unknown                                                                                                                            4                                                                                9                                                   5
  Initial treatment sequence, no. (%)                                                                                                                                                                                                                          
   Chemotherapy ± subsequent treatment                                                                                          5 of 10 (50)                                                                      9 of 41 (22)                                       25 of 55 (45)
   Radiation ± concurrent chemotherapy ± subsequent treatment                                                                   2 of 10 (20)                                                                     11 of 41 (27)                                       18 of 55 (33)
   Surgery ± subsequent treatment                                                                                               3 of 10 (30)                                                                     21 of 41 (51)                                       12 of 55 (22)
   None or unknown                                                                                                                    2                                                                                4                                                   12
  Microscopic margins involved (in any surgery), no. (%)[†](#tblfn4){ref-type="table-fn"}                                                                                                                                                                      
   Yes                                                                                                                           7 of 9 (78)                                                                      7 of 12 (58)                                        6 of 7 (86)
   No                                                                                                                            2 of 9 (22)                                                                      5 of 12 (42)                                        1 of 7 (14)
   Unknown                                                                                                                            1                                                                                14                                                  10
  Any gross residual disease postoperatively (in any surgery), no. (%)†                                                                                                                                                                                        
   Yes                                                                                                                          4 of 10 (40)                                                                     11 of 19 (58)                                       11 of 12 (92)
   No                                                                                                                           6 of 10 (60)                                                                      8 of 19 (42)                                        1 of 12 (8)
   Unknown                                                                                                                            0                                                                                7                                                   5

Nonthoracic primary tumors include head and neck, bone, soft tissue, and other sites. Bone and soft tissue primary tumor include chest wall soft tissue, soft tissue mass, right hip bone, left scapula or shoulder, right chest soft tissue, soft tissue, occipital scalp soft tissue, iliac bone, temporal region soft tissue mass. CI = confidence interval; OS = overall survival; NR = not reported.

For patients with surgery and known data.

To examine the potential confounding effect of metastasis on the selected risk factors, we performed post hoc multivariable Cox proportional-hazards regression assessing primary tumor site and gene fusion in the full cohort ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}, available online). These multivariable models demonstrate that metastasis is no longer an independent predictor of OS after accounting for the effect of tumor site (model 1); gene fusion is a statistically significant predictor of OS independent of tumor site (model 2); and gene fusion remains a statistically significant predictor of OS independent of tumor site, even after controlling for the effects of metastasis (model 3). We further characterized the clinical characteristics and treatment for tumors of thoracic vs nonthoracic origin ([Supplementary Table 4](#sup1){ref-type="supplementary-material"}, available online). Thoracic tumors were more likely to be associated with metastases at presentation compared with those of nonthoracic origin (94% vs 73%, *P = *.0035) and were larger at presentation (≥6 cm: 60% vs 31%, *P = *.001). Surgery was less likely to ever be performed on patients with thoracic vs nonthoracic NC (30% vs 73%; *P* \< .0001).

Demographic and clinical characteristics of the three risk groups differed somewhat ([Table 3](#pkz094-T3){ref-type="table"}). BRD3- or NSD3-NUT nonthoracic patients (group A) were less likely to present with metastasis than other groups (50% of patients in group A lacked lymph node or organ metastases vs 25% and 6% for groups B and C, respectively) and had smaller tumors (\<6 cm: 71% for group A vs 67% and 40% for groups B and C, respectively). Among patients who received surgery, patients in group A were more likely to have undergone a complete surgical resection with no residual disease (60% for group A vs 42% and 8% for groups B and C, respectively).

OncoPanel Analysis
------------------

Molecular profiling (n* = *10 patients) showed no additional oncogenic mutations of known statistical significance, focal copy number variation, or genomic rearrangements other than the *BRD4-NUTM1* translocation ([Supplementary Table 5](#sup1){ref-type="supplementary-material"}, available online). The somatic variants present were nonrecurrent. The findings are consistent with previous data indicating that NCs are genetically stable and driven by a single NUT fusion oncoprotein ([@pkz094-B21]); however, findings are not conclusive because of the limited number of samples tested by OncoPanel.

Treatment and Impact of Therapy
-------------------------------

Despite varying outcomes associated with initial treatment, there is no clear-cut difference in treatments that explains the statistically significant difference in outcomes for the three distinct anatomic and genomic prognostic risk groups ([Table 3](#pkz094-T3){ref-type="table"}). In fact, initial treatments were similar among two of the three prognostic risk groups (groups A and C; [Table 3](#pkz094-T3){ref-type="table"}). Patients in groups A and C were more likely to be treated with up-front chemotherapy, whereas patients in the nonthoracic, BRD4-NUT risk group (group B) were most often treated initially with surgery.

Minimum Sample Size Needed for Validation Cohort
------------------------------------------------

An independent validation cohort based on future NC patients who prospectively enroll in the NMC registry is necessary to validate the proposed NC risk classification model. Our simulations estimate that a minimum of 198 total patients is required to achieve 80% power to validate the proposed NC risk classification model ([Supplementary Table 6](#sup1){ref-type="supplementary-material"}, available online). To account for missing data, we expect to accrue up to 210 total patients to have complete data on NUT fusion, primary tumor site, and OS data on the required 198 patients. Note that a validation cohort with a total of 124 patients (eg, the same sample size as the current analysis) only has 56% power to validate the proposed model.

Discussion
==========

The findings herein, using outcomes and molecular data in this 141 cohort of NC patients, have facilitated the first prognostic risk classification model for NC. The three risk groups reveal that nonthoracic location is associated with a statistically significantly improved prognosis, and nonthoracic NC patients whose tumor has a *BRD3-NUTM1* or *NSD3-NUTM1* fusion are within the best prognostic group. Thoracic NC has a dismal and worst prognosis regardless of the *NUTM1* fusion partner. Of note, within thoracic NC, BRD4-NUTM1 fusion still conferred poorer OS, but the association was not statistically significant (*P* = .09; [Supplementary Table 2](#sup1){ref-type="supplementary-material"}, available online). Our findings, if validated, indicate that molecular testing to characterize *NUTM1* fusion oncogenes may have important prognostic implications that can help guide treatment decisions. This being said, it is important to appreciate that the type of *NUTM1* fusion may not be the only variable that determines the distinct prognosis for each of the nonthoracic groups (A and B), because these groups include a small number of heterogenous patients; thus, other variables, including differences in treatment and tumor location, may contribute to the differences in outcome in these groups.

NCs that arise within the thorax, in contrast with those that arise elsewhere (head and neck or soft tissue or bone), are thought to present at a more advanced stage and localized growth because of a delay in detection. In our study, thoracic tumors were more likely to be larger (≥6 cm diameter) and to present with metastases compared with nonthoracic tumors; however, multivariable analysis revealed that thoracic site (or gene fusion) is predictive of OS independent of metastasis ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}, available online). The difference in prognosis may be due to lack of accessibility of thoracic primaries (surgery was performed in 73% of nonthoracic vs 30% of thoracic NC; [Supplementary Table 2](#sup1){ref-type="supplementary-material"}, available online) and/or possibly a cell of origin with differing biology. The trend of bone and soft tissue primary NCs to have better OS than thoracic or head and neck sites (HR = 0.5, *P = *.07; [Table 2](#pkz094-T2){ref-type="table"}), though underpowered because of a small sample size (N* *=* *9), suggests a differing biology and supports the idea that NCs with differing cells of origin may behave differently.

It is intriguing to postulate that the biology of BRD3-NUT- or NSD3-NUT-driven NC may differ somewhat from that of BRD4-NUT tumors, but there are no data to support a substantial difference in the respective molecular pathways. Both BRD3 and NSD3 associate with BRD4 in BRD4-NUT complexes ([@pkz094-B5],[@pkz094-B6],[@pkz094-B22]); thus, the components of any NUT fusion complex, regardless of its fusion partner, are predicted to be like those of the BRD4-NUT fusion complex. Indeed, we have previously shown that NSD3-NUT can completely replace the function of BRD4-NUT in NC cells depleted of BRD4-NUT ([@pkz094-B5]). Nevertheless, it is possible that either BRD3-NUT or NSD3-NUT function differs somewhat from that of BRD4-NUT and/or that these fusions target a different cell of origin.

It is possible that the heterogenous behavior of NCs may be due to collaborative mutations. However, the data presented ([Supplementary Table 4](#sup1){ref-type="supplementary-material"}, available online), in addition to those published ([@pkz094-B21],[@pkz094-B23]), suggest that clinically relevant oncogenic mutations in addition to the *NUTM1* fusion oncogene are rare or do not occur.

The risk classification model presented indicates better outcomes for nonthoracic and BRD3-NUT or NSD3-NUT NC and has prognostic and treatment implications for physicians and patients. However, our results need to be validated in a prospective cohort before definitive recommendations are made. Assuming an enrollment rate of 25 patients per year in the NMC Registry, we would need approximately 8 years to accrue the required 198 total patients (with complete data) to have 80% power to validate our proposed risk classification model. The fact that all but one of the deceased thoracic patients died of disease, despite varied treatments, implicates a dire prognosis for these patients regardless of stage of disease. Although up-front surgery appears to be effective and curative in some patients with nonthoracic NC ([Supplementary Table 2](#sup1){ref-type="supplementary-material"}, available online), alternative therapeutic approaches are clearly required for the thoracic NC patients. Currently, new trials with novel bromodomain inhibitors that target BRD3/4 are in development and demonstrate on-target activity in NC ([@pkz094-B14]), with partial responses seen in 20% ([@pkz094-B24]) to 30% ([@pkz094-B25]) of patients treated on phase I trials. However, responses were not durable, in part because of dose-limiting toxicity, and all patients eventually succumbed to disease. Thus, combinatorial approaches are likely to be necessary for this aggressive cancer.

Our study has several limitations. Only 124 of 141 (88%) patients were included in the proposed NC risk classification model. Seventeen patients were excluded because of having 1) unknown OS outcomes, 2) an unknown primary site, 3) missing or unidentified NUT fusions, and/or 4) less frequent *NUTM1* fusions (eg, *ZNF532-NUTM1* and *ZNF592-NUTM1* fusions were excluded). Given the retrospective nature of the registry, response to treatment was determined by physician report rather than by RECIST imaging criteria. Finally, we did not adjust for testing multiple hypotheses. However, we intend to validate our risk classification model in a prospectively collected validation cohort.

Clinical and molecular analysis of 141 NC patients confirms the generally poor outcomes in this disease, but we identify three clinically and molecularly defined prognostic risk groups whose outcomes differ statistically significantly. The analysis provides the most comprehensive understanding of the natural history of NC and highlights the desperate need for effective therapies, particularly for patients with thoracic NC.
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